
. “

til? ABA A.—.—.~=—.
m—liiiiii R—m=

AIAA 96-0700
Small Spacecraft Telecommunications For The New
Millennium’s Technology Validation Missions
W. Rafferty and D. Rascoe
Jet Propulsion Laboratory, Pasadena, CA
G. Fujikawa (!/4 :+, ,~’, ~..l $ ‘ Pvf(
NASA Lewis, Cleveland, OH {

Ad

1
(1 “’ /./. J,, Jp>)/li  ‘,. ~,.

K. Pcrko id(
NASA Goddard, Greenbelt, MD

For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics

34th Aerospace Sciences
Meeting & Exhibit

January 15-18, 1996 / Reno, NV

370 L’Enfant  Promenade, S,W,,  Washington, D,C. 20024



... ,

SMAI,I, S1’AC1tCl{AIW  ‘1’1tl.ItCONlh4L  JNICA’J’I{)NS  1;01{ ‘J’IIN
N];w ~f]l,],j;NNJIJ~J’s  ‘1’jI;C1lNOI,()(;Y  VA],] J) ATION MISS1ONS

w, RaffcflJ’, 1). Ra$coc ,,( i ~,,”,
Jet l’r’opulsion  ] ,aboralory  (~1’] .), pWldCtKI, CA /{ ‘ ,’

/’ (

(i, liljikzrwa
NASA 1,cwis Research Ccnk’r  (I cR(3, (~kVCland,  C)l I

K. I’C1 h

NASA Goddard Space I:light Center ((3S1  C), (kcnbclt, M 1)

Ahstracl
NASA’s vision for scicncc exploration in the next
ccnhwy is based on frequent, affordable missions
enabled by small, low-mass, low-cost, highly-
aulonomous  spacecraft. “1’hrough ti~cNewMiIlcllt]i~lrl\
l’mgram  (NMI’), NASA is establishing a new arrl
highly integrated approach to developing and flighl-
valida(ing technologies that meet these spacccraf( goals.
Meeting the mission scenarios envisioned and the
overarching goal of reducing lifccyclc costs present
significant challenges across all aspects of spacecraft
design, illlplcll~c[~tatioll,  and operation. l’his paper
focuses on the advanced conununication  systcm
architectures and technologies that have hem identified
by the NMP as key capability needs and arc crrrrcntly
candidates for flight validation. ‘1’hcsc  systems fall into
three main categories: miniature deep space
co]l]l]lu[~icatiol~s;  cxtrcmcly  high bit ra(c, near-l ‘hrth
cc)]~~ll~ul~icatio]~s;  and short range collll]~ul~icatiorls.
Applications incl udc: space-to-grorrnd links,
intcrspacecraft  links for the relay of dala ktwccn
interplanetary spacecraft and associated landers arrl
rovers, as well as near-l:%th spacecraft communicating
through crosslinks  and data relay satellites. l{l; (400
M 1 Iz through 32. G Iz.) and optical con]rnunications
tcclmologics  am discussed in terms of application arKl
key pcrforrnancc p a r a m e t e r s ,  e.g., mass ,  si~c,
cfticicncy,  and cost.

1. Introduction
A new era of space exploration is taking shape at
NASA. ‘1’his  era is best characlcrimd  by frcquenl,
affor&~blc  missions enabled by small, low-mass, low-
COS[, lligl]Iy-at]tolIo:llotls  spacecraft. Such a dcpar”tm
from dlc past necessitates rc-thinking  the scicncc
aspects of a mission, as WC1l as the enabling space aIxl
ground systems. NASA has set in place a technology
validation program, the Ncw Millennium l’rogram,
. . . . . . . . . . . . ...’...
1 he work described in fhis paper was carried olfr at the Jcr
I’ropu[siorl I.aborirtory of t h e  Cal@rtlia  Insliiulf  o.f
Tmhndogy  under a con(racf wirh (he National Arromurics
arid Space Adminisfrarion.

(NMI’),  aimed al accelerating the identification,
dcvclopmcnt,  and flight validation of new and emerging
spacecraft systems that can mccl these ncw mission
goals. ‘l’he advanced technology crrrnponcnt  of the
NMI’ is organi?cd  in(o .scvcral thrusts, addmsing  such
areas as: autonomy, structures, and microelectronics.
‘1’hc  produc[s  of these thrusts would then bc validalcd
through a series of NMI’  ftights  during the latlcr  half of
this dccadc. Of inkxcst  in this paper arc the advanced
communication systcm  archi(cctures  and technologies
that have bcm identified by the NM]’ as kcy capability
needs. 1 ‘igure 1.1 depicts several of the communication
scenarios considered
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l;igurc  1.1 Space Communication I .inlis

Working in conjunction with the nca-liwth and deep
space scicncc  comnmnitics, the followirlg  specific
high-lcvcI  Conunrrnications  needs were established early
in the NMP:

● Miniature deep space conmunicalions
● lixtrcrncly  high bandwidth near-l ;arth

con]munications
● l>ircct-to-PI  near-l iarth  conmmnicalions
● Constellation communications

Ikom these nccck a list of high priority technologies
W~S dcvclopcd:

● Ka-band tclccorn components
●  1 ligh data rate RI’ transrnitlcrs
● optical communications systems
● Short range, low bit rate tclccom  chip sets

1
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● 1 .OW mass, low power inlcgmtcrl  clcclronics
Significant in [his list is the presence of higher
fwqucncy  hand systems that represent a major shifl  in
NASA’s space communications frequencies. ‘Ibis shift
is hrough[ about, in part, by the adwrntagcs  of shorlcr
wavelengths, as well as recognition of dlc present mt
anticipa[cd  pressures on NASA to move (o higher
bands. Also noteworthy in this list is the cmcrgcnce of
shorl range, low bi( ralc collll]llltlicatiol]s,  which
coutras(s  sharply with NASA’s traditional point-to-
point links. ‘1’hc  space exploration vision for the 21 sl
ccn(uly  calls for chip-level tclccom sys!cms  that link
(ogcthcr  such missions as: constellations of spacecraft;
virtual instruments composed of multiple spacecraft;
surface planetary networks of fixed and mobile
Jdatfrmns; and Pliil)ct surface to relay orbiter. ‘1’l]csc
links [ypically supporl  10’s to 100’s kbps over
distances in the mngc of 1000 km to less than 1 km,
and opcra[c  in the [Jl  11: band (- 400 Ml IY,), ald]ough
S-ban(i (2-3 GI Iz) is a possibic  candidate.

lmpiicit  in ail of the above arc the overarching goais  of
rvduccd mass-systems and lower mission lifccyclc
costs.

With this tccimoiogy  framework in place, a
(;olllltltllJicatiolls s ystcms lntcgratcd l’loduc(
l>cvclopmcnl  ‘lean]  (Ii’lYt’) was cstabiisi]cd  to meet the
aforcmcntioncd  set of goals. ‘1’hrough  a competitive
process, a team of industry/acadcn\ia  rcprescntativcs
was scicctcd  to work with a smaii  group of NASA
cnginccrs. ‘1’his  paper outlines the breakthrough
tcchnoiogics  and [heir applications, as identified by this
11’I N’ for dcvclopmcnt  and flight validation. ‘lhc
matcriai is organized as follows. Section 2 of the paper
deals with new and emerging tcchnoiogics  in deep space
an(i llCar-] ;afli) ]<1; communications. Section 3 is
sim i iarl y focusui  on deep space an(i near-l iartb, ix] [
from the pcrspcctivc opticai  communicant ions. Scc[ion
4 compictcs  the technology overview with a dcscrip(ioa
of silorl  range, low bit rate corl~f[]lltlicatiol]s;
concluding remarks are given  in SccLion 5.

L_ Rlr ~onlnlllr]icatjons

‘1’hc  major NASA space communications fmqucncics
prcscnti y cover S-(2 G] 17) through Ku-band(14 G1 1?).
As mentioned above, the NMi) is pianning  [o develop
and demonstrate technologies at Ka-band, 20-27 GI lY
for near-] iarth and 32 GI 17. for deep space.

‘1’here is aiso muci~ syncrg  y between the I ~ccp Space
and Ncw-l;arth  tccimologics,  particularly whci”c

11]illiatl]ri7:iliorl  through high lcvcis  of iotcgra(ion  and
low cos~ irlljliclllclltfitic~l]s  arc crmccrneci.

2.1 DeqLspaLc
h4iniah]ri~ation  of ti]c spacccraf[  communications

payload anti tile introduclioo  of Ka-baoci  operational
links arc ihc major Iimm in this area. ‘1’hc vision for

the smaii  spacecraft tciccom payload is a highiy
iatcgratcd radio frequency subsystem dlat cxpioits

rcccnt advances in cicctronics  dcviccs and packagiJlg,
digital signal processing, an(i matcriais.  ‘1’hcsc

advances, along with new approaches to antenna cicsign,
wiii i]avc  a significant impact on the power, mass,

volume, and cost of the tclccom payload. 1 ‘igure 2.1.1.
iliustra[cs  a simplified tciccom block diagram for a deep
space spacecraft; the dot(cd Iinc in this figure indicates

the option for cohcrcocc bc(wccn the receive and
transmit paths. Ihe lJltra-Stable Osciila(or  showJl  is
used to meet the high stabiiity  requircwicnts of science

cxpcrimcnLs  thal  Jnakc dual usc of the radio signals.

— Spacecraft Telecom Architecture —
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] ‘igurc 2. ], ] Sirnplificd  SpaCCCraft ‘J’c]ecoJn
Architcclurc

Ka-band  links offer a significant tclccom  advantage over
X-band (8.4 (H IY) because the higher frequency aiiows
the spacecraft to focus RI; energy into a smailcr beam.
1 ‘or the same antenna size and 1<1: output power, the
acivanmgc  approaches the square of the ratio of the
frcqucl~cics,  i.e., -12 dIl. I’hc adverse cffccL$ of systcm
inefficiencies, propagation, rcccivcr noise tcmpcraturc
anti  antenna pointing accuracy, rcducc this acivanlage [o
6-8 d[l. A coll]l~~lltlicatiorls  link ciesign  can utiiizc
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[his advantage in either lower transmit power al Ka-
lXIIKJ  or smaller spacccraf[  anlcnna apcrlurc. } ,or”
example, mckiy  a typical spacecraft will] a 1.5 mclcr
diameter ankmna and a 13 W X-band transmi[[cr  would
SUSl~hl  ] 2.2 kbJN OVCr a diS(allCC  Of ] Al] (148 X ] 06
km) m 1 {arth. 1 ‘or the same spacecraft opcra[ing  a[ Ka-
band, but with a lower power transmiltcr,  e.g., 3 W,
100 kbps could bc achicvc over the same distance. ‘l?~c
ground segment assumed for dlis  example is the ncw
34-111  beam wavcguidc antennas 1 that bavc been
rcccnt]  y deployed al NASA’s 1 >ccp Space Nclwork
facilily  in California. ‘1’hc net Ka-band a(ivantagc for
d]is example is -5.5 d).

Central to realizing this vision is a highly miniamrimd
deep space transpondcrhransceivcr  (see Figure 2.1. 1)
tha[ is revolutionary in nature through the usc of
innovative digital signal processing techniques arKl
application specific integrated circuits (ASICS) 10
pcrfcmn  flll)ctiolls  t radi t ional ly rcali~cd  in anak)g
circuitry. ‘1’his  NM I@oposed  transponder, the lkcp
Space ‘1’iny  q’ranspondcr  (J Ml”l’), offers an on3cr-of-
magnih]dc  reduction in volume and maw, and alrnos[  a
similar reduction in cost, when compared [o the Cassini
spacccraf( transponder, which rcprcsenK the currcn[
standard for deep space misions.

A comparison is shown graphically of key transpondcj
mc[rics  in I:igure  2.1.2 among tbc Cassini  spacccmfl
wmspondcq  d]c Smal l  1 Xzp Space  ‘1’mnspa!dcr
(S1>S’1’), which is currently under development by
industry for NASA; and the NM1’-proposcd 1 JS’1”1’.
Both the DS’lwl’  and SIX+’]’  are designed to bc
functionally equivalent to the Cassini  transponder, and,
additionally, have Ka-band exciters. ‘lhc conceptual
layout for the 11S’1”1’ is presented in Figure 2.1.3.
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J ‘igurc  2.1.2 1 )ccp Space ‘1’ranspondcr  comparisons:
cxJwctcd  performance inlprovcnlcnLs

‘1’hc  dcvcloprncnt of small, highly cffrcicn[  power
arnJiificrs  arc also critical, since [hey typically place
tbc biggest [clccom dcmarld on the spacecraft 1 X: power
sour’cc.  1 ‘or the power ranges considered by the NMI’

titer

-t Cx
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!A.x.:.z.:,:.:.x.:<.:<<<.:.:<.:>.  . .. . . ..<.s<

X-E3and F{eceiver
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Digital & Analog
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l;igurc  2.1.3 Proposed layout of the l)ccp  Space
‘1’iny ‘1’ranspondcr  (10.5 x 8 x 3.5 cm)

(< 5 W for Ka-band,  <15 W for X-band), solid state
power amplifiers (SS1’AS)  appear to offer dic best
solution in terms of Watts/kg ald Power Ad&t
}ifficicney  (l’Al;). ‘Ilavcling  Wave Ttrbc  An~pIificrs
Cl’WI’s) and Microwave Power Mc)dules,  a hybrid
‘J ‘W1’/SSPA  arrangement, discussed in Section 2.2, am
more suited to higher power ICVCJS.

While the Ka-band S S1)AS arc lCSS  lIlatLII_C,  the trend,
shown in l;igurc  2.1.4, is for increasingly cfficicnt
SS1)AS, approaching X-band efticicncics.  “1’his is
achievable using the latest device (cchnology,  such as
pscudomorphic  high electron mobility transistors
(PI J}iM’1’s).

3
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SSPA Ka-Band Trends
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lJigurc  2.1.4 SSI’AKa-hand  l;fficicncy  vs. rl’imc

'l'llckcy  rc]l~aiI]illg tclccorll coIllporlctllislhc  spacccmfl
high gain antenna; thcmajor mass driver for a small
spacecraft tclccoln payload. l)cspitc  the wavckngth
advan[agcs  discussed above,  apcllurcs  in the 0.5 -2,0 m
class arc slill  rvquimd  to establish deep space links at
thcdc.sircd  da(ar:itcs,  -loOkbpsat  1 AIJ. I:OJ’ the first
NMI) flight, a lightweight composite-malcrial, solid
parabolic antenna has been proposed wi[h a dual X-/Ka-
band feed. ‘1’his antenna offers a x2 mass reduction over
previous] y flow~l  antennas (see I ‘igurc 2.1 .5), while.
Jmviding  the high surface accuracy necessary for Ka-
band operation.

Solid Reflector Trends (1.5 m)
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l:igurc  2.1.5 1 ~ccp Space Antenna Mass vs. ‘1’imc

1 ~or later NM]’ flights, more aggressive ccrnccpts  aw
u[idcr  consideration which cmphasi~,c  stowed  an[cnna
volume vs. deployed, and further rcducdons  in mass.
Onc concept under dcvcIopmcnt  is an infta!ablc
reflector, wid~ a deployable find, that could potentially
offer a deployed-to-stowed volume ratio of -10, wil Ii
comparable mass to the solid parabolic antenna at 2-m.
Other deployable anlcnna  candidates include flat arrl
ultl-a-liglltwcigki[,  “flshnct” rcflcctarrays.  ‘J’hc  laltcr
antenna uses chords to suspend radialing  elcJncnls,
which, in principle, can achieve very low mass-k-
aperturc  ratios (0.6- 1.0 kg/m2).

2.2 Near-lCar~
1 ‘lcxiblc  tcchno]og  y options arc the kcy [0 providil]g
coI~~Il~tIl}ica[iol~s  scrviccs for Near-l ‘Arth missions of

the 21s[ ccnlury. (Jsc of existing coItlri]llllicalioIls
infras[ruc[ure  in ground s(ations  and relay  sa[cllitcs  for
S, X, and Ku bands will be combined widl new
capabili(ics  in Ka-band using standrrdizcd  components
to yield the most cost cffcclivc Jncans  to accomplish
the science mission. l:igurc  2.2.1 illustrates the
variety of communica~ions  links which rn:iy be used.

1 ~igurc 2.2.1 Near 1 iarth Communications Options

‘1’hc scicncc instrrrmcnts  flown by the NMI} will require
the return to 1 ;arth of increasingly large scicncc  data
volumes, using communications equipment that is
lighter and more power efficient, operates
aUtOJIOJllOUSly, and supports lower cost ground
facilities, spacecraft operations, and data processing.
‘1’0 achicvc  lower costs in operating these next
generation spacecraft, command and housckccping
corl~J]~[lr]icatiolls  will kc increasingly demand-driven and
asynchronom.  ‘I he NASA 411] generation trallspOndCr
systcm is being dcvclopcd by industry to salisfy  Lhcsc
requirements, while mailitaining  compatibility with the
existing NASA S-band infrastructure.
~ommunica~ions  direct to earth or via the ‘lracking
and 1 ~ata Relay Satclli[c  S ystcm (’1’1 )1<SS) can lx
accomplished either by fixed schcxhdc, as is currently
done, or initiated indcpcndcntly by either the ground or
the spacecraft. Small, low cost onmi-directional
aatcnnas  arc used, with data rates varyitig from as low
as 128 bils/second up to 2 Megabits/second, ‘1’bis
technology is proposed as the standard for flight  ou all
NMl> near canh missions. l;igurc  2.2.2 shows the
improvement which can be achicvcd  with this
technology in .wvcral  key metrics compared to a

4
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[transponder’ which is curr’cntl y flown cm NASA in
missions (I:igure  2.2.3).

Key Transponder Mass (kg)

Metrics 49# --,# ,
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1 ‘igurc  2.2.2 I;xpcc[cd Impmvemcnt  in Key Metrics of
the NASA Standard S-band Transponder

1 ‘igrrrc  2.2.3 NASA %d Generation ‘1’ransponcfcr

In addition to the relatively low rate command arrl
coolro] communications dcscribcd above, transfer of
mull i-’l’crabit  till y data streams of science data to
ccntml  archives for programs such as the 1 iOS will be
required. It is also anticipated thal increasing numbers
of cnd users such as universities will desire direct access
to spacecraft instruments using low cost  ground
stations. ‘1’hcsc operations will require peak data rates
of lens to hundreds of Megabits/second and must h’
accomplished with high-gain onboard antennas of a sim
dictalcd by the small dimensions of the Ncw
Millennium spacccrafL These size restrictions and the
increasing international competition for l<l; spectrum
will ultimately force all users to utili?c  crrrrcnt
al locat  ions more cfficicntt  y and develop the tcchnolog  y
to usc ncw frcqucncics  such as Ka-band (20-27 GI IY).
‘J’his  band is desirable in that it provides both widm
fnx]ucncy allocations for higher dowitlink  rates ard

smaller antennas for a given gain duc to its shorter l<l;
wavelengths.

l%ascd away antennas with integral, distributed RI;
power amplifiers arc seen as a solution to the problems
associated with providing high gain for scicncc
downlinks without the deployable structures, movirlg
parts and torque disturbances which arc associated wjth
current mechanically steered high gain antcnnas$ An
intcrirn, X-band antenna capable of supporting 15S.52
Mbps to a 6-m class ground station has been propxcd
for the first NMP near-cmth mission with a follow-on
Ka-band unit capable of 622 Mbps to a ground station
of similar antenna si~lc. 1 :igurc 2.2.4 indicates the
improvement in performance which can bc achicvcd

Key Metrics for X-band
Mass (kg)

Transmitter Subsystem:
● Antenna

/

8 ?8,
● Pow~r Amplifier t’ ---t -.
● Modulator 0° -\.
● Data Compression ,*’ le -.

“Qower (W)
!8# -.

,4’
*

**
/

volume (103 CC) /“
84

EEl ‘“-~~~~~~~:
I;igurc  2.2.4 I;xpccted Improvement in Key Metrics

of the X-band 1 Iigh l)ata Rat c “1’ransmitter

with the X-hand  s ystcm  when compared with NASA’s
I andsat-7 system, which will have similar
performance. I:igurc  2.2.5 illustrates the arcbitccturc  of
the phmed  array.

● Phased Arrav Antenna
● Includes Power Amplifier function (distributed)
● <100 active elements (-100mW/element)

fila

25

I ;igurc 2.2,5 l’hascd Array Antenna S ystcrn
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N A S A  GSIK; and 1,cR(; lmvc mch been ac[ivcly
involved in the area of high data m[c modulation arrl
cmli[lg  (cchniqucs.  in particular, 1 .cl<(~ has dcvclopcd,
in coopcratiml  wid~ industry, a low cost, reconfigurablc
(iigilal  cl)cmlcr/Illc)dl]lator  (I igurc 2.2.6) for mcctium (0
high da(a raft corlllrl[l[)icaliolls  links.

1 ~igum 2.2.6 1,cI<~ I{ncodcr/Modulator  Brassboarci

A baseline prototype has been fabricmcd for 155.52
Mbps operation in a standard 72 MI Iz commercial
transponder channel A concatenated coding schcmc
consisting of a Reed Solomon (255,239) orrtcr  code arrl
a pragmatic rate 5/6, four dimensional trellis inner ccdc
has been designed specifically for 8-ary modulation
formals. ‘J’hc schernc  requires about 7.8 dfl Ii@. for
a bit-error rate of 10-12 and offers bandwidth
cfficicncics  greater dmn 2 bpsfl  Iz. “1’hc unit is
programmable and rcconfigurablc  to snpporl  a wide
range of drrla ralc rcquircmcnts,  especially those
requiring large data return, i.e. high rcsolrrtion  rcmo[c
scnsitlg  instruments.

Among (1]c lalcs[ advanccrncnls in high power RI’
amplifiers is the microwave power module (MI’M,
]’igurc 2.2.7), ‘1’hc MI)M consisw  of a shorl ‘1 WI’
wi(h a solid state MMI~ driver sccdon. Presenl
commercially available versions operate from 6-18
(illz,  with 1{1/ output power lCVCIS to 100 W. ‘l’he noxl
for space-qrralification and deVC]OpMelU of a lower
mass, electronic power conditioner (1 W) arc two arms
whicl] arc being targeted within d)c NMI),  which is
considering the M PM for possible deep space and ncm
1 iarth applications at X-band and Ka-band.

I~igrrrc  2.2,7 Microwave Power Module

~ C)ntica]  conlnlunica~
‘Ihrcrugh the NM1),  NASA has the oppor[uaity to
flight validate optical, (laser) communications. Optical
communications systems offer three kcy advantages
over l<l; sys{cms,  as a result  of the very short optical
wavelength (h), lprn vs. 1 cm (Ka-band). ‘1 Irc
advantages arc: 1) the rcdumd si7c of comrnunica[ions
payload, 2) aperture gain, or dircctivity, which scales

with 1/> 2, and 3) the virtually unlimited, and currently
unregulated, bandwidth.

Dccausc of the very high dircctivity  of the optical
bcarn, significant increases in link capaci[y (x 10 -
x100) can bc achicvcd  over Ka-band corn municalions,
while minimizing  the power, mass and size burden on
the spacecraft. ‘1’hc typical large parabolic antennas of
current spacecraft will be replaced by tclcscopc  apcrlurcs
in the centirnctcr class, which will bc integrated with
the tracking and detection electronics.

3.1 I)CCII  SW
NASA has in place space and ground opticaI
technology dcvcloprnent  programs at the Jet l>roprrlsion
1,aboratory (J1’1 .), which have a significant deep space
focus. At the core of tbc NASA spacecraft technology
dcvclopmcnt is [he Optical (~ommunications
I )cmonswa(or  (OCl >) program2. ‘l’his  program is
developing an engineering modci of a flight terminal
capable of ret arming kbps to Mbps from the planets, or
Gbps fr?m high-l;arlh-orbit  to the ground, scc the
scc(ion  3.2, ‘Illc system uses a “minimum-
cornplcxity”  architecmrc  that uscs only onc detector
array and onc fine Steering Mi~Or to accomplish beacon
signal acquisition, tracking, transmit beam pointing,
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and transmithcccivc  coalignmcnt  (wilh poinl-ahead to
accommodam cross velocity). ‘lkrcking  of the tmcon
signal is rrccmnplishcd  by using a windowed subframc
rcadoo[ from the dclcclor army.

‘1’hc systcm consists of a single lmnsmitircceivc
[clcscopc  (shown in I;igurc 3.1.1), a fiber-op(ic COUPICd
transmit laser assembly, and a .separa[c control
processor. All of the optics arc localcd in the tclcscopc
assembly. A com-sc  pointing gimbal assembly is not
needed cxccpt in mission applications where scpara[c
poinling  of the terminal relative to the spacecraf[ is
rcq u ircd. l’hc tclcscopc aperture size is 10 cm and the
transmit source is a 1-W, diode-pumfwd, solid s[a[c
laser. Such a systcm can deliver 500 kbps  from 1 All
to a 10-m “photon bucket” optical rcccivcr

} ‘igurc 3.1.1 Optical ~ommunicalions 1 lcmonslrator
(00))

‘J’hc  (X3) is  currcotly  u n d e r  cnginccring  mcdcl
dcvclopmcnt;  a flight  model could bc available for a
NMI’ flight in Iatc 1997. 1 Mirnatcs  of the complctc
systcm mass, power, and volume (excluding the comc-
pointing gimbal) arc 8 kg, 22 W, and 4700 cc,
rcspcctivcl  y. I Iowcvcr,  rcccnl discussions with several
advanced optics companies suggcsl  that the mass could
bc further rcduccxl.  ~onscqucntly,  a potential illdUStry
par[ncring  relationship is currently being explored (o
bring this and other dcvclopmcnts  in(o the NM1)
(lollllllLlt)icatiolls  Sys(cms  IPD’1’.

3.2 Near -l; art~
‘1’hc deep space oplicaI  communications terminal jusl
dcscrikd is equally suited to near-l larth applications.
I lowcvcr,  the considerably rcduccd  range of l;artfl -
orbi(ing  sa(cllitcs  allows data rates in cxccss of 1 (ibps
to bc supporlcd from (ico.-to-ground  (1 -m stations)
‘1’his terminal can also bc used for inter-sa(cllitc links.

A second optical coll~rl~~l[~icatiot]s  tcnninal  has also
been dcvclopcd at NASA-J PI, that offers a 0.5 Gbps
capability at a lower mass (<5 kg), power (15 W) and
Volume (3375  cc). ‘l’his tcrminai,  S(X)l’l; 11, is a
dcriva[ivc  of a smal 1 blcadboard lcrminal  dcvclopcd  as
an cxpcrimcnt  for possible flight on NASA’s ~assini
spacccraf(,  scc l:igrrrc 3.2.1 below.

l:igrrrc  3.2.1 Small optical
communicadons  spacecraft terminal

‘1 ‘hc S(;01’1;  11 hm a 1 cm aperture and a 300 mW
semiconductor laser. ‘1’hc intcudcd rccciving StatiO1l  iS
contigrrrcd around an autonomous, 1-m class, tracking
tclcscopc. ‘l’his terminal is SIJitab]C for 1.and&lt  7
equivalent 150 Mbps data links, and can bc contlgurcd
to operate at commercial standard ralcs, e.g., 155 aad
622 Mbps for low 1 iarth orbiter links. Bolt) the
S(;O1)l;  11 and 00) terminals require gimbals for
pointing and uplink optical beacons for acquisition and
tracking, with powers of <1 w and <1OW, rcspcctivcly.

1 ‘igurc 3.2.2 s!lows  a comparison for several optical
terminals in tcrrns of a bps/W mcfric; the performance
data shown was collcctcd from open litcramrc.  As can
bc seen from this figure, both NASA-JP1,  tcnniuals
have good pcrformanccs;  simi tar good Wrformanccs  ,arc
also the case for these terminals in terms of bps/kg.
I Iowcvcr,  it is noted that  these :nctrics  are projccled
from laboratory ItENII’tMICnL$  and anal yscs. Validation
on a NMf) flight would validate the actual performance.

~.~  Ground  ‘ l - r a c k i n g

Ground tracking of optical spacecraft rcquirtxs the
cfcploymcnt of a network of stations, similar in concept
10 NASA’s RI: 1 kcp  Space Network. Site (spaLial)
divcrsi(y  is essential to ovcrcomc  the adverse cffcck  of
clouds and rain. Rcccnt  studies of ground station
rcqoircmcnts  indica(c  that 1-In and 10-m apertures aIu
sufficicn(  for near-} larth and deep space applications,
rcspcc[ivcly,  as mentioned above. It is envisioned that
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optical  communication systems will coexist with R 1;
capabilities, particularly given the very hrrgc R];
invcstlncnt,  and that  a combination of both  approaclws
will offer signi  ficanl actvanlagcs to NASA and other
users, e.g., colnmcrcial.
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1 ‘igurc 3.2.2 Optical communications
Icrminal  comparisons

4 .  S h o r t  Ranf2e  Conl.nlunicati_o_n~

1 ‘rem constellations of miniature spacecraft to robotic
landers and planc(ary s u r f a c e  pcncwalors, t h e
demonstration of revolutionary Icchnology is kcy to the
succcss of future space exploration, As the trend
continues to Itduce  the si~c and mass of future
scicn[ific  spaccclaft,  potential capabilities of tbcsc
small spacecraft iacrcasc  tremendously. With the a(ivcnl
o f  lllicrolllaclJil]itlg tcchnologics, rrltra-miniature
colllrllllllicatiotls  sys[cms arc now bccomi ng q uilc
possible. Microclcctrcrmcchanical  systems (Mt;MS) arc
wiclcjy gaining acceptance as an enabling tccbnohgy
for numerous applications, e.g. sensors, actuators,
ima,gcrs, accclcromctcrs,  and colrlrllLlflicatiolls. By
utili~ing batch fabrication through planar I(:
processing, it is possible to fabricate a multitude of
micromcchanical  components as easily as fabricating a
single  one. (70n~binc(i with microclcckonic  dcvicw,
completely monolithic, micron scale components aIKl
systems can bc achicvcd. Advances in this processing
technology will lead to more robust,  lower cost
syslcms.  ‘1’hc lJnivcrsit  y of Michigan’s ~cnlcr  fbr
In[cgratcd Sensors aad circuits,  well known for their
capabijitjcs  in Illicrorllacllitlillg  technologies for sensors
and signal processors, has been investigating single
chip lJ1 11; to S-band wireless transceivers (o meet the

NMl>’s  goals of low mass, low cost, and low power
consuming c(llllllll)llicatic)ris  systems.

Many prcscn(  strategies for achieving single chip
hctcrodyllc  transceivers current] y implcnwnt high-Q R l;
and l}; components in SAW, quarty or cmunic
resonator tccbnologics.  circuit  complexity and high
ICVCIS  of systcm integration wkl to the problcm of
mrrjti-chip  dcsigas. Micron-scajc,  high-Q, on-chip
mcchanicaj  resonators can bc fabricated using
capacit ivcl y & picmclcctricalj  y transduced approaches,
thus rclicvitlg the need for high lCVCIS  of syskxns
integration. A Mj iMS resonator can offer ordcm of
magaitudc  reductions in size over comparable SAW
designs (SCC l;igurc 4.1).
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l:igurc  4.1: Size comparison of SAW vs. MI;MS
Resonator

Reducing the circuit complexity by combining
functions on a single chip will also dcxmwc  the
susceptibility to radiation in space applications.
Passive componcn(s  such as Rl; bandpass at)d image
reject filters, and oscillators arc inherently rcplaccablc
via the M liMS approach. Among the components
spccificajly  being iavcstigatcd  for NM}> arc l<l; fihcrs
ranging from 800 MIIz to 4 ~1117;  ll; filters in the 455
klIz. to 254 MIIY.  range; and higbjy  stable lJIII~  local
oscillators. ‘1’able 4.1 compares SAW vs. Ml lMS
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‘1’able 4.1: SAW vs. MI;MS 1 ‘ijtcr  (;&nparison
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il]~plcll~cl~talic~tls  for an 11; bandpass  filler at a ccntcr
frequency of 2S4 Mllz, with 400 IcIIY  bandwidth.

‘1’hc  current ~MOS Ml lMS fabrication tcchnrdog  y a{
dlc lJnivcrsily  of Michigan is limited to transitiml
frcqucncics,  jl (gain-bandwidth producl)  of about 300
MI lz, By integrating M1;MS  inlo  higher frc41ucncy
f a b r i c a t i o n  proccsscs  (SiGc or (;aAs), .fI can bc
cxlcudcd (0 much higher frcqucncics.

Dcyond space exploration, Ml iMS tcchnolog y can oflcr
vast Icrrcslrial  commercial spin-off potential as well.
~cllular  phones and wireless I AN’s arc just a fcw
connncrcial  areas in whit!)  this technology can greatly
contribute.

5. Surnrnu
NASA’s vision of space exploration in the21 St ccnmry
is pmdicatcd on tbc dcvclopmcut  of small, highly
autonomous spacccraf{.  ‘1’hc Ncw Millcanium  l>mgrmn
has been established to develop and validate ncw awl
ianovalivc  spacecraft (ccbnologics  to meet this vision,
Advance communications technologies and systems
have been idcutiticcl  that will substantially rcducc the
tclccom impact on spacecraft, while, in many cases,
providit~g  impmvcd  performance.
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